Abstract: This paper proposes a control system design method by the multiobjective fuzzy satisficing approach using Genetic Algorithm (GA). First, a control system design is formulated as a constrained multiobjective optimization problem, and it is transformed into a fuzzy satisficing problem by introducing the aspiration level and the unsatisfying function. It is solved by a GA interactively. Then, the proposed method is applied to the design of two-degree-of-freedom LQI servo systems. Furthermore, the virtual command signal is introduced to improve the transient response. Copyright @ 2002 IFAC 
INTRODUCTION
In design of control systems, various design specifications are given in both the time-domain and the frequency-domain. After selecting a proper control method and determining a structure of the control system, design parameters are adjusted to satisfy the specifications. For examples, three parameters in the PID control, weighting matrices in the LQ optimal regulator, and frequency weights in the H ∞ control are the design parameters. However, since specifications have conflicting objectives, it is usually difficult to satisfy them, and a compromise solution is selected. The problem of determining the design parameters is formulated as a constrained multiobjective optimization problem mathematically. Thus, many approaches using mathematical optimization techniques have been proposed. Genetic Algorithm (GA) is one of meta-heuristic optimization methods (Goldberg, 1989; Man et al., 1999) . It does not require that the search space is continuous, differentiable and convex. Although the optimality of the obtained solution is not guaranteed, it is known as an effective method to get a satisficing solution. For control system design, GAs have been used; e.g. for H ∞ control systems (Kristinson and Dumont, 1992; Tan and Li, 1997; Chen and Cheng, 1998; Man et al., 1999; Griffin et al., 2000) and a nonlinear system (Trebi-Ollennu and White, 1997). Kiyota et al. (2000) and have proposed to transform the formulated multiobjective problem as a fuzzy satisficing problem and solve it by a GA.
Type-1 servo system is a control system that settles the output to a step command signal without steady-state error. Since the output does not coincide with the command signal in the transient response period, the virtual command signal can be used to improve the transient response (Kiyota et al., 1999) . formulated as a constrained multiobjective optimization problem. Next, by introducing aspiration level and unsatisfying function, it is transformed into a multiobjective fuzzy satisficing problem. Then, an interactive approach using a GA is proposed, where candidate solutions in the region in which the designer is interested are obtained. The proposed method is applied to the design of two-degree-of-freedom LQI servo systems. By treating the command signal in the period of the transient response as design parameters, the transient response can be improved. Finally, the effectiveness of the proposed method is demonstrated by a numerical example, which has an undesirable reverse response.
MULTIOBJECTIVE SATISFICING DESIGN
OF CONTROL SYSTEMS
Problem Formulation
After determining the structure of a control system, in general, the design problem is formulated as the following constrained multiobjective optimization problem:
Here, θ is the decision vector made of all design parameters contained in the control system, and the objectives g oj (j = 1, · · · , m) are to be minimizes, such as the settling time, the input energy, the H ∞ norm from disturbance to output, the complementary sensitivity function in a specific frequency region. They are given in the timedomain and the frequency-domain. Eq. (2) expresses physical constraints such as the input constraint, and S represents the set of design parameters which satisfy the stability condition.
The design specifications are usually given in the form like "The settling time should be less than or equal to a certain second." Thus, for each objective g oj , an aspiration level g * oj is introduced as follows:
By setting aspiration levels for all objectives, the problem is transformed into the following satisficing problem:
At this stage, there is no difference between objectives and constraints mathematically. Furthermore, since there may be big differences between orders of g i (θ), the following normalization is employed:ḡ
Thus, the following satisficing problem is obtained :
Interactive Fuzzy Satisficing Approach
In general, g * ci in (2) have impreciseness or uncertainty, and aspiration levels g * oj are not strict. That is, inequalities in (5) have fuzziness. Thus, it is effective to introduce fuzzy logic to treat such fuzziness. In conventional fuzzy optimization methods, fuzziness is expressed by the membership function (Sakawa, 1993; Trebi-Ollennu and White, 1997) . On the contrary, in this paper, fuzziness is defined by the unsatisfying function, which has a one-to-one correspondence with the membership function Tsuji et al., 2000) .
Suppose that the designer can accept g i (θ) in (5) to the extent of (1 + λ i )g * i even if the constraint is violated. This means that the following unsatisfying function τ i can be accepted when it is less than 1:
Here, λ i is named the unsatisfying coefficient, and τ i represents the designer's unsatisfaction rating for the constraint. The fuzziness can be introduced by setting λ i and g * i . Finally, the problem is transformed into the following multiobjective optimization problem:
Genetic Algorithm
Genetic Algorithm (GA) is applied to the problem (9). Since GA seeks the solution in group, it can offer several candidate solutions to the designer by one search. In this work, a simple GA with following operations is employed. 1) Generation of individuals: Generate initial individuals that satisfy the stability condition (3) randomly.
2) Fitness function: The following fitness function is used:
where η is a parameter.
3) Reproduction: The roulette-wheel selection and the elite preservation selection are used.
4) Crossover: The uniform crossover with the crossover probability p c is adopted.
5) Mutation:
The mutation probability is p m .
GA offers some solutions in the first search, and the designer can choose one among them according to his/her preferences. If he/she is not satisfied with the result, the searching process is repeated by modifying λ i and g * i based on the obtained information.
When conventional GAs are applied to a constrained problem, it is necessary to produce individuals in the feasible region. The basic approach is to use the penalty function. The unsatisfying function not only can deal with the fuzziness, but also works as the penalty function for constraints. It helps to generate solutions in the region in which the designer is interested.
TWO-DEGREE-OF-FREEDOM LQI SERVO
SYSTM WITH VIRTUAL COMMAND SIGNAL
Two-Degree-of-Freedom LQI Servo System
Consider the following controllable and observable single-input, single-output, linear, time-invariant, continuous-time system:
where x(t) is an n × 1 state vector, u(t) is a scalar input, y(t) is a scalar output. Furthermore, A, b, c are n × n, n × 1 and 1 × n real constant matrices, respectively, and d is an n × 1 step disturbance.
The condition for constructing the type-1 servo system, in which the output follows step command signal, is known as
The steady-state values of x ∞ and u ∞ for a real command signal y ref are determined uniquely as Taking deviations from the steady-state values of the state and the input aŝ
the optimal servo system is to minimize the quadratic performance index
where Q is a positive semi-definite symmetric matrix, r > 0, and T denotes the transpose. It is known that the optimal input u * (t) is given by
where
and P is the n×n positive semi-definite symmetric solution of the Riccati equation
By the internal model principle, an integrator is necessary to eliminate the steady-state error for a step disturbance. Using the output error e(t)
the integrator is given by
The configuration of the two-degree-of-freedom (2DOF) LQI servo system is shown in Fig. 1 (Fujisaki and Ikeda, 1991; Hagiwara et al., 1996) . The input is given by 
In the case that there is no disturbance and no parameter variation, it is guaranteed that ζ(t) = 0, and the output y(t) coincides with the output y * (t) of the optimal servo system. And for a step disturbance, the integrator works to eliminate the steady-state error. By adjusting weight v, the robustness of the system can be enhanced. It is known that the control system is stable. However, it is usually necessary to adjust the design parameters Q and r by trial-and-error in order to have a desirable response.
Virtual Command Signal
In type-1 servo systems, the output does not coincide with the step command signal in the period of transient response. Thus, the virtual command signal can be used in this period. In this paper, two approaches are considered.
The first approach is to search the virtual command signal directly as the design parameter. That is, time-varying command signal y V (t) is used instead of the constant value y ref in the configuration of Fig.1 . It is necessary to have y V (t) = y ref in the steady-state. Here, y V (t) is discretized.
The second approach is to set a dynamic compensator P f (s) which generates a virtual command signal on-line. This approach can cope with the change of the step command signal. The system configuration is shown in Fig.2 . Setting P f (s) as
the coefficients α i (i = 1, · · · , n−1), β j (j = 0, · · · , n) and γ become the design parameters. P f (s) must be stable. Since the output y P f (t) of P f (s) must coincide with the real command signal y ref in the steady-state, a 0 must be
4. DESIGN EXAMPLE
Control Object
Consider the following controllable and observable system:
The transient function is given by
This is non-minimum phase system, and the system output has reverse response. In this example, it is assumed that the prior object is to decrease the reverse response.
Problem Formulation
As the estimation of the transient response, the following indices are considered, where t 2 is the desirable settling time, and t 1 and t 3 are set as
Suppose that the design requirement is to satisfy all the above specifications for the nominal model with d= 0 and y ref = 1.
Design Procedure
First, setting t 1 = 5 [sec] and t 2 = 8 [sec], the aspiration levels and the unsatisfying coefficients are set as shown in Table 1 . Small λ i means that the corresponding requirement is strong. GA parameters are p c = 0.6, p m = 0.03, 100 individuals and 500 generations. Fig. 3 . Virtual command signal y V (t) and y P f (t).
In the first approach, the virtual command signal is set in every 0.5 second as design parameters until t = 6.5 [sec] with the range [−5, 5] . In the second approach, the dynamic compensator P f (s) is set as
For simplicity, the weighting matrices are set as Q = diag. 10 a1 10 a2 , r = 10 a3 .
Through some trial processes, the range of the parameters are determined as −4 ≤ a i ≤ 4, −2 ≤ α ≤ 2, −2 ≤ β ≤ 2, and −2 ≤ γ ≤ 2. All parameters are searched simultaneously.
The virtual command signal y V (t) and the output y P f (t) of P f (s) are shown in Fig.3 , and the output responses are shown in Fig.4 , where VCS is the abbreviation of virtual command signal. Here, "without VCS" represents the case of the conventional 2DOF LQI servo system, where Q and r are searched by the GA similarly. The designer can be satisfied with the response within the white area, and can accept the response within the gray area. It is shown that the response is improved by using the virtual command signal. Fig.5 shows the inputs for three cases. Furthermore, the convergences of the fitness function are shown in Fig.6 and Fig.7 . Judging from the fitness function, using y V (t) seems better than using P f (s). However, the command signal y V (t), the input u(t), and the output y(t) become vibratory. Fig.8 and Fig.9 show the result when g * i and λ i are modified interactively as shown in Table 2 in order to decrease the reverse response by sacrificing the rise time. The desirable response is obtained.
Only transient response in the time-domain is considered in this example. The parameter v related to robustness can be determined similarly by taking disturbances and parameter variations 
. Fitness function with y V (t). into consideration, if they can be estimated. Furthermore, similar prohibited area can be set in the frequency-domain . The MATLAB (The MathWorks, Inc.) is used in the simulation program.
CONCLUSIONS
In this paper, the parameter adjustment method by the multiobjective fuzzy satisficing approach using GA has been proposed. Then, the proposed method has been applied to the design of the 2DOF LQI servo system with the virtual command signal.
The unsatisfying function works like the penalty function for constraints. Through the interactive design approach, fuzzy information based on the designer's experience, preferences or judgment can be taken into the design process comparatively easily.
The design specifications in both the time-domain and the frequency-domain can be treated explicitly. The proposed GA can offer some candidate solutions in the region in which the designer is interested, and it supports the designer's decision making.
The virtual command signal is effective to improve the transient response. It will also be effective to use the virtual command signal for existing control systems.
